The essential points of this technique are the use of an ultrathin Pd catalyst on TaN by atomic layer deposition ͑ALD͒ and ultrasonic vibration in the electroless plating bath. We demonstrated Cu electroless deposition ͑ELD͒ on an ALD-Pd passivated TaN barrier layer. The Pd film deposited by ALD was 3 nm thickness on the TaN substrate and had good coverage with low surface roughness. For the Cu ELD process, we used ethylenediamine-tetraacetic acid ͑EDTA͒, glyoxylic acid, and additional chemicals such as polyethylene glycol, Re-610 and 2,2Јdipyridine. The Cu ELD was performed at a temperature of 60-65°C for 30 min. The success of ELD Cu in gap filling a patterned TaN substrate with 130 nm openings and an aspect ratio of three is attributed to the removal of hydrogen gas from the surface by ultrasonic vibration for 1 s after 15 min of deposition in the bath. In this work, we suggest the use of ultrasonic vibration in the Cu electroless plating bath without a chemical inhibitor. Copper has been developed to replace the conventional aluminum-based metallization in memory and logic-device manufacturing processes. This is due to its low resistivity ͑1.67 ⍀ cm͒, high melting point ͑1,085°C͒, and high electromigration resistance.
Copper has been developed to replace the conventional aluminum-based metallization in memory and logic-device manufacturing processes. This is due to its low resistivity ͑1.67 ⍀ cm͒, high melting point ͑1,085°C͒, and high electromigration resistance. 1, 2 In addition, electroless deposition ͑ELD͒ is less expensive and requires less complicated substrate conditioning than metal organic chemical vapor deposition ͑MOCVD͒ or the sputtering method. [3] [4] [5] In, recent years, copper electroless deposition has emerged as the most efficient way to fill nano features that are based on the dual-damascene technology. 6 Because of its low process cost and high filling capability, we can expect ELD to be used for the interconnect metallization in future technology nodes.
ELD provides a continuous buildup of metal coating on a substrate by simple immersion in a suitable aqueous solution. A chemical reducing agent in the solution supplies the electrons for converting metal ions to the elemental form M 2+ + 2e ͑supplied by reducing agent͒ → M 0
͓1͔
Most copper electroless baths used commercially employ formaldehyde or glyoxylic acid as a reducing agent. Since the reducing power of formaldehyde or glyoxylic acid increases with the alkalinity of the solution, the baths are usually operated at a pH above 11. The required alkalinity is provided by sodium hydroxide or tetramethyammonium hydroxide. The baths also contain cupric sulfate as the source of copper ions, and a chelating agent to prevent precipitation of copper hydroxide. Tartrate or ethylenediaminetetraacetic acid ͑EDTA͒ is a commonly used chelating agent. For copper electroless plating with glyoxylic acid as the reducing agent, at least 2 moles of glyoxylic acid and 4 moles of hydroxide are consumed and 1 mole of hydrogen gas is evolved, following Reaction 2 below
The hydrogen gas evolved can be easily removed from the blanket surface by vigorous agitation and stirring of the solution. However, as patterned dimensions shrink, film deposition on the bottom of a feature may become rate-limited by the diffusion of either copper ions or the reducing agent. 7 ELD must be preceded by the deposition of a seed layer over standard barrier materials, which then acts as a catalyst for the electroless deposition. 7, 8 Various deposition techniques such as sputtering, MOCVD, and layer-assisted deposition have been proposed for the preparation of this thin metal catalytic seed layer. [9] [10] [11] [12] As we know, with the shrinkage in dimensions of interconnections it is getting more and more difficult to form a Cu seed layer with continuous step coverage on the sidewalls of fine holes and patterns. In a previous study, we examined the atomic layer deposition ͑ALD͒ of a Pd catalytic layer on various substrates. 13, 14 This ALD-Pd catalyst layer had good coverage. In this paper, we investigate Cu filling with ELD in conjunction with an ALD Pd layer as the catalyst.
Experimental
In this work, we have deposited a Pd catalyst by ALD, and then deposited Cu by electroless plating. Both the 5 nm blanket TaN film and the 5 nm TaN film on the patterned substrate with 130 nm openings and an aspect ratio of 3:1 were obtained from Intel Company. The Pd catalyst was deposited by ALD at a temperature of 80 ± 5°C and a Pd II ͑hfac͒ 2 sublimation temperature of 46.0 ± 0.5°C. Pd II ͑hfac͒ 2 is known to show volatility at temperatures above 42°C. The deposition chamber walls were kept at 75-80°C and the lines between the sublimation vessel and the deposition chamber were kept at 78°C to ensure that no cold spots existed where the Pd II ͑hfac͒ 2 could condense. Prior to each deposition a cleaning cycle was performed by running the remote H 2 plasma for 5 min, using 105.0 sccm H 2 ͑99.999% Air Products͒ and 65 W net forward power in a three-turn inductively coupled plasma. The plasma was struck and maintained at ϳ120 mTorr. During each deposition for Pd, 55 sccm Ar ͑99.999% Air Products͒ flowed as a purge gas, 13 sccm Ar as a carrier gas for Pd II ͑hfac͒ 2 , and 105.0 sccm H 2 as a reducing gas. The pulse sequence was 15 s of Pd Specific information of ALD-Pd can be obtained from the referenced paper of our group work. 15 The thickness of the Pd film was measured by Rutherford backscattering spectrometry ͑RBS͒ on the 4.0 MeV Dynamitron accelerator at the Ion Beam Laboratory in the Department of Physics at the University of Albany.
For the Cu electroless deposition, EDTA was used as a chelating agent, glyoxylic acid as the reducing agent, and additional chemicals such as polyethylene glycol, Re-610 and 2,2Јdipyridine as the surfactant, antifoaming agent, and stabilizer, respectively. The pH of the bath was adjusted to ϳ12.5 with tetramethyammonium hydroxide ͑TMAH͒. The solution temperature was maintained at 60-65°C. See Table I for detailed bath composition. We performed pH measurements at room temperature.
A standard X-ray diffractometer ͑XRD͒ was used with Cu k␣͑1.540562 Å͒ radiation at 30 kV and 20 mA, step size of 0.02°a nd a scan rate of 5°/min in the Bragg angle ranging from 32°to 60°. The microstructures of samples were examined by a field emission scanning electron microscope ͑FESEM, JEOL JSM-6330F͒. The surface morphology of the films was examined by an atomic force microscope ͑AFM, Nanoscope IIIa, Digital Instruments/ Veeco͒ operated in the tapping mode at a resonance frequency of ϳ360 kHz. The measurements were undertaken using a silicon cantilever sensor in the tapping mode with a reflex coating ͑detector side: Al coating͒. Additionally this sensor has a typical tip radius of curvature of less than 10 nm. The reflex coating on the detector side of the cantilever enhances its reflectivity and prevents light from interfering within the cantilever. The AFM examinations were undertaken at room temperature. The surface chemical structure on each sample was analyzed by using X-ray photoelectron spectroscopy ͑XPS͒. The samples were loaded into the XPS chamber with a chamber base pressure of 1-2 ϫ 10 −9 Torr and a spectrum collection pressure of 3-4 ϫ 10 −9 Torr. The X-ray Mg K␣ source ͑PHI model 04-151͒ used in this experiment has a primary energy 
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1253.6 eV, and a cylindrical energy analyzer controller ͑PHI model 15-255G͒ with a passing energy of 50 eV used for high-resolution scans.
Results and Discussion
According to the RBS analysis, the thickness of palladium film was 3 nm on the blanket TaN substrate. Figure 1 shows the XPS spectra of Pd ͑3 nm thickness͒ deposited by ALD for 100 cycles on a TaN substrate. The binding energies of the peaks are referenced to the adventitious carbon C 1s peak at 284.75 eV. Figure 1a shows a typical XPS wide scan spectrum, all the standard photoelectron lines of the Pd element are present by Pd 3d, Pd 3p, and C 1s without O 1s. This O 1s absence was expected because Pd is a noble metal and is similar to Pt, Ag, Rh, Os, and Re in that it is not easily oxidized in the atmosphere. The most intense line, located around 926 eV, is characterized by MVV Auger line of Pd. The symbol MVV indicates that the final vacancies are in valence levels. 16 The spectral line of Pd 3p 3/2 in Fig. 1b is characterized by a binding energy of 532.66 eV with a full width at half maximum ͑fwhm͒ of 3.32 eV. The doublet separation of Pd 3d spectral line in Fig. 1c 16 These small discrepancies between mea- 
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Journal of The Electrochemical Society, 152 ͑6͒ C376-C381 ͑2005͒ C378 sured and reported binding energies are attributed to inadequacies in the calibration of the binding energy scales of individual instruments. 17 Previously, Senkevich et al. demonstrated that Pd could be deposited on various substrate ͑Ir, W, Ta, TaN, TiN, SiO 2 , SAM, and polymer dielectric materials͒ with a Pd͑hfac͒ 2 source using ALD. 13, 14, 18 The Pd͑111͒ was successfully deposited by ALD where the thickness ͑20-100 Å͒ of the Pd films was measured as a function of the number of ALD cycles at a deposition temperature of 80-130°C. 13, 14, 18 Kim et al. have investigated the deposition of Pd using an acid solution, including PdCl 2 , HF, and HCl. The deposited Pd layer was confirmed by XPS, and it was found that both Pd and PdCl 2 ͑impurity peaks͒ were present on the barrier surface. 8 Therefore, the ALD process for Pd catalyst deposition appears to be a better method than the acid solution process. Figure 1d shows the AFM 3D images of the 3 nm thick Pd layer on blanket TaN. The root mean square ͑rms͒ surface roughness of the Pd film was 0.089 nm ͑0.89 Å͒. From the XPS spectra, it is clear that the ALD process using Pd II ͑hfac͒ 2 results in very pure Pd films, and AFM shows that the Pd film on blanket TaN has good coverage. Figure 2 shows AFM images of ͑a͒ the TaN substrate and ͑b͒ Pd/TaN prepared by ALD. The top image of patterned Pd/TaN substrate ͑Fig. 2b͒ shows good surface coverage, similar to the blanket Pd/TaN substrate ͑Fig. 1d͒. The rms surface roughness of patterned Pd film at the top part was 0.91 Å. We believe that the bottom and sidewall images have the same coverage of the top, as shown in the cross-sectional FESEM image of Fig. 4b ͑deposited Cu by ELD͒.
The structure of substrates ͑TaN, Pd/TaN͒ and Cu films deposited on TaN were measured by XRD. Figures 3a and b show XRD spectra demonstrating that the TaN and Pd/TaN substrates have no peak from 30°to 60°. Figures 3c and d show XRD spectra of the Cu films deposited on Pd/TaN for 5 and 30 min, respectively, at a solution temperature of 60°C. It can be seen that the intensity of Cu͑111͒ and Cu͑200͒ peaks increased without any noticeable impurity peaks such as Cu 2 O. The peak intensity ratio ͓I͑111͒/I͑200͔͒ of Fig. 3c was 2 .92, and the fwhm of ͑111͒ was 0.48°. The peak intensity ratio ͓I͑111͒/I͑200͔͒ of Fig. 3d was 2 .09, and the fwhm of ͑111͒ was 0.65°. Clearly, there is preferential growth of the Cu͑111͒ orientation in Cu ELD. Figure 4 presents plane-view and cross-sectional FESEM examinations of the Cu film deposited on Pd/TaN for 5 min at a solution temperature of 65°C. The filling power was 2.0 in this condition, calculated from the filling ratio ⌬y/⌬x of bottom-up ͑⌬y͒ to sidewall shift ͑⌬x͒ from the FESEM image. 19 The thickness of Cu film at the top of the features is about 125 nm. Figure 4b clearly shows that the deposition rate, determined from the thickness at the top of the feature, is about 25 nm/min at a temperature of 65°C. The actual mechanism of ELD Cu deposition is believed to involve a hydride transfer from glyoxylic acid at the catalytic surface. 7, 20 It is believed that some of the generated H 2 shown in Reaction 2 still remains in the vicinity of the side walls, indicated with arrows on the top of Fig. 4a , which results in reduced Cu growth because the Cu does not stick on the Pd/TaN substrate where H 2 is present. Figure 5a shows cross-sectional FESEM image of the Cu film deposited on Pd/TaN for 5 min at a solution temperature of 60°C. These are the same conditions that were used for Fig. 3c . The rate of deposition is ϳ15 nm/min, which is noticeably lower than the rate at 65°C, and the filling power was 1.1. Shingubara et al. have investigated that a Pd layer formed by ionized cluster beam deposition supported subsequent Cu ELD deposition at 140 nm/min and 70°C without sulfopropyl sulfonate ͑SPS͒ as an inhibitor. 6 This suggests that the deposition rate of Cu films greatly depends on the temperature of the ELD bath. From Fig. 5a it can also be seen that very fine copper grains coalesced to form a uniform coverage without dendrite formation. This Cu film did not delaminate during a Scotch™ tape peeling test suggesting that the film had reasonable adhesion. AFM investigations of Fig. 5a are shown in Figs. 5b and c, where Fig. 5b is the surface morphology imaged in the tapping mode, and Fig. 5c is phase imaging measured by an extension of the tapping mode. Kim et al. 21 reported that the Cu-phase signal in the tapping mode was known to be quite sensitive to attractive and repulsive forces acting on the tip. We can see that crystallite geometry is rectangular from Fig. 5c , and the rms surface roughness of Cu film at the top of the features was 6 nm. From Fig. 5b we found that Cu films have demonstrated good coverage, smooth texture, and good uniformity. The height from the Cu film at the bottom to the film at the top shown in Fig. 5a is 255 nm. Comparing this result with Fig.  2 where the height was 400 nm indicates that the deposition rate at the top is lower than at the bottom, even though the bath was free of inhibitors ͑levelers͒ like SPS or MPS. 6, [22] [23] [24] . Figure 6 shows plane-view and cross-sectional FESEM images of the Cu film deposited on Pd/TaN for 30 min at a solution temperature of 60°C. This is the same condition as in Fig. 3d , but the film had poor adhesion because the deposition caused an increase in H 2 gas evolution. This poor adhesion is the reason why generated H 2 must to be removed quickly from the surface. Shacham-Diamand and Dubin have used Re-610 as an antifoaming agent to remove H 2 gas generated in the reaction. 7, 25 Also, some researchers have used SPS and MPS as inhibitors to suppress deposition of Cu on the top. [22] [23] [24] But SPS includes sodium, which can damage devices in the substrate as well as increase the resistivity of Cu. Figure 7 shows cross-sectional FESEM images of the Cu film deposited on Pd/TaN for 30 min at a solution temperature of 60°C with ultrasonic agitation for 1 s after 15 min of deposition. The images in Fig. 7 show clearly that the gap filling was successful, suggesting that the ultrasonic vibration successfully removed the excess H 2 gas from the surface. Similarly, because excess H 2 is believed to be one cause of delamination during the plating process, the fact that the Cu film did not peel off during the deposition also indicates successful H 2 removal. Under similar conditions, the use of either Re-610 or ultrasonic agitation alone was not sufficient for the removal of H 2 , indicating that the combination is required for the complete removal of the excess H 2 gas. It has been reported by Zhao et al. that ultrasonification during Cu electroless deposition on ceramics increased the deposition rate and adhesion strength between Cu and the ceramic. 26 They attribute the benefits of ultrasonic vibration to sonochemical reactions. Therefore the ultrasonic process could be used in large-scale applications, including Cu interconnect structures for ultralarge scale integrated devices. We have also tried to decrease the rate of deposition by lowering the plating bath temperature to 50 and 45°C without the use of an inhibitor. This will be further investigated in future work. Figure 8a shows the plane-view FESEM image of Fig. 7b , and Fig. 8b shows an AFM image of Fig. 7b with the surface morphology imaged in the tapping mode. Copper was deposited in fine grains and the rms surface roughness of the film in Fig. 8b was 22 nm. Also, the height from bottom to top is 150 nm indicating an increased bottom growth rate resulting from the efficient H 2 removal by the ultrasonic vibration.
Conclusions
In this paper we demonstrate Cu ELD on an ALD Pd-passivated TaN barrier layer. Since the patterned TaN substrate needs a catalyst toward the oxidation of glyoxylic acid, Pd deposited by ALD was suggested. The Pd depositions were performed on a blanket TaN substrate using 100 cycles. The Pd film had 3 nm thickness and good coverage with low surface roughness. We investigated the trench-filling capability of Cu by ELD using these Pd-coated substrates. During deposition above 60°C without an inhibitor, Cu peels off the surface as a result of the large amount of H 2 generated during the reaction. We found that ultrasonic vibration can easily remove the excess H 2 gas from the surface. We achieved success in removing hydrogen at temperatures below 60°C by using ultrasonic vibration. These results indicate that ELD using ultrasonic vibration is suitable for the gap filling of high aspect ratio patterned features.
